The Xiaolangdi Reservoir has entered the later sediment-retaining period, and new sediment transport phenomena and channel re-establishing behaviors are appearing. A physical model test was used to forecast the scouring and silting trends of the lower Yellow River. Based on water and sediment data from the lower Yellow River during the period from 1960 to 2012, and using a statistical method, this paper analyzed the sediment transport in sediment-laden flows with different discharges and sediment concentrations in the lower Yellow River. The results show that rational water-sediment regulation is necessary to avoid silting in the later sediment-retaining period. The combination of 3 000 m 3 /s < Q < 4 000 m 3 /s and 20 kg/m 3 < S < 60 kg/m 3 (where Q is the discharge and S is the sediment concentration) at the Huayuankou section is considered an optimal combination for equilibrium sediment transport in the lower Yellow River over a long period of time.
Introduction
The Yellow River is famous for its sedimentation problem, which is particularly severe in the lower reaches. After the Xiaolangdi Reservoir was completed, water-sediment regulation was carried out in the lower Yellow River. It has been seen that water-sediment regulation has huge potentialities Han and Guan, 2009; Han, 2009; Li, 2004; Li and Sheng, 2011) .
Many scholars have studied the sedimentation problem of the lower Yellow River based on water-sediment regulation. Hu et al. (2012) concluded that, through water-sediment regulation, the shrinkage of channels can be prevented, and the medium-sized main channel can be shaped and maintained. Fu et al. (2010) found that an incoming sediment coefficient of 0.003 and a sediment delivery ratio of 2 might be a threshold for distinguishing the characteristics of sediment transport in the lower Yellow River. Han (2004 Han ( , 2008 analyzed the erosion and siltation laws for the lower Yellow River in the watersediment regulation period. The critical conditions between erosion and siltation in the lower Yellow River were provided by Liu et al. (2000) , and Liang et al. (2003 Liang et al. ( , 2004 Liang et al. ( , 2005a Liang et al. ( , 2005b . Xu (2010) determined the erosion-siltation thresholds for the lower Yellow River in different periods.
Most of these studies were based on balanced sediment transport. However, it is difficult to achieve balanced sediment transport because of the complicated relationships among sediment transport, the amount of scouring and silting, the boundary condition of the riverbed, and water and sediment conditions. Moreover, balance is relative in nature, and imbalance is absolute. Thus, equilibrium sediment transport is more feasible than balanced sediment transport in the lower Yellow River (Han, 2011; Peng, 2011) . In the condition of equilibrium sediment transport, the variations of scouring and silting are not significant (<10%) over a short period of time, and balanced sediment transport can be achieved over a long period of time. Han (2011) has proven that the annual sediment transport capacity of a braided reach and a meandering reach in the lower Yellow River is approximately at equilibrium under the condition of no overflow, without considering hyper-concentrated flow and discharge decrease from upstream to downstream.
After an initial sediment-retaining period, the Xiaolangdi Reservoir has entered the later sediment-retaining period, and new sediment transport phenomena and channel re-establishing behaviors are appearing. Thus, the important questions are, under what water-sediment conditions can the channel of the lower Yellow River develop toward an equilibrium state, and how can this condition be achieved by a water-sediment regulation system? The answers to these questions will significantly help to solve the problems of silting and flood control of the lower Yellow River.
In this study, a physical model test was conducted to forecast the scouring and silting trends of the lower Yellow River. Also, in order to find the controllable relation between runoff and sediment in which equilibrium sediment transport can be achieved in the lower Yellow River in the later sediment-retaining period, the statistical method was used to analyze the sediment transport process with different discharges and sediment concentrations on the basis of water and sediment data from the lower Yellow River during the period from 1960 to 2012.
Materials and methods

Physical model
A physical model from the Xiaolangdi Reservoir to the Taochengpu section was built to study the fluvial process in different sediment-retaining periods of the Xiaolangdi Reservoir. Its length was about 800 m, and its width was about 36 m. The main model scales are shown in Table 1 .
After the model was built, verification tests were conducted using data from 1982, 1963, and 2001 . The correctness of all the scales and the similarity laws was proven in the verification tests. The reliability of the physical model was verified with the 2008 flood routing test in the lower Yellow River, the river regulation test of the braided reach of the lower Yellow River, and the fluvial process test in the initial sedimentretaining period of the Xiaolangdi Reservoir.
In order to forecast the evolution trend of the lower Yellow River in the later sediment-retaining period, the flow and sediment processes, which were designed using actual data from 1990 to 1999 and from 1956 to 1960, were used in the model. Compared with the flow and sediment processes in the initial sediment-retaining period of the Xiaolangdi Reservoir, the actual data from 1990 to 1999 and from 1956 to 1960 show a similar annual average water inflow, and a large increase in the incoming sediment amount. Thus, it is feasible to design flow and sediment processes using the actual data from 1990 to 1999 and from 1956 to 1960.
Measured data and methods
Measured data from the Huayuankou, Jiahetan, Gaocun, Aishan, and Lijin sections along the lower Yellow River during the period from 1960 to 2012 were used in this study. All the data were observed under the condition that the discharge and sediment concentration did not show a large change (<20%) over 3e5 days, with no overflow and no hyper-concentrated flow, and with an average discharge of more than 1 000 m 3 /s. Based on channel pattern and length, the lower Yellow River was divided into four reaches: Huayuankou-Jiahetan, Jiahetan-Gaocun, Gaocun-Aishan, and Aishan-Lijin. The reaches from Huayuankou to Jiahetan and Jiahetan to Gaocun are braided reaches. There are broad beaches and the channel is wide and shallow in the braided reaches. In these two reaches, serious erosion and siltation occur in the channel and the main channel continually wanders. The reach from Gaocun to Aishan is a transitional reach, where the width and wandering ranges decrease, and the stability of the main channel increases. The reach from Aishan to Lijin is a meandering reach, 
with the verification test
Note: l R is the hydraulic radius scale, l J is the hydraulic gradient scale, l g s Àg is the scale of weight difference between sediment and water, l s* is the sediment carrying capacity scale, and l g 0 is the dry weight scale of sediment.
where the river regime is stable and the channel is narrow and deep. Fig. 1 is a sketch of the lower Yellow River. During the analysis, data from the Huayuankou section were selected initially. Then, other sections' data were selected based on the flow velocity. The cross-section method, which is based on the cross-section data, was used to calculate the amount of erosion and siltation. In order to study the erosion and siltation laws, the statistical method was used to analyze the sediment transport in sediment-laden flows with different discharges and sediment concentrations in the lower Yellow River. Table 2 and Fig. 2 . It can be seen from Table 2 and Fig. 2 that the amount of scouring increased from Tiexie to Huayuankou. There are two reasons: First, some river training works, which decrease the wandering range of the channel, were built between Tiexie and Huayuankou. Second, the conveyance capacity of the main channel increased and the overflow decreased in the reach from Tiexie to Huayuankou in the later sediment-retaining period of the Xiaolangdi Reservoir, as a result of low-concentration sediment-laden flow scouring the main channel in the initial sediment-retaining period of the Xiaolangdi Reservoir. It also can be seen from Table 2 and Fig. 2 that the amount of silting increased gradually from Huayuankou to Taochengpu. Between Huayuankou and Jiahetan, river training works were also built, and overflow was not excessive. Thus, the silting in this reach was not severe. However, the silting was very severe in the reach from Jiahetan to Taochengpu. As shown in Table 2 and Fig. 2 , the amount of silting increased sharply in this reach. That was because overflow was excessive, there were three large floodplains, and large quantities of sediment that were carried by the overflow were deposited on the floodplains.
It can be seen from the analysis that the sediment transport capacity in the lower Yellow River showed significant variation upstream and downstream. If the regulation is not appropriate, silting is inevitable below the Jiahetan section. The difference in sediment transport capacity between upstream and downstream should receive attention in the later sediment-retaining period of the Xiaolangdi Reservoir. Rational water-sediment regulation is necessary to avoid silting in this period.
Analysis of flow with different sediment concentrations
According to the statistics of the period from 1960 to 2012, when the sediment concentration was less than 20 kg/m 3 and the discharge was more than 1 000 m 3 /s at the Huayuankou, Note: DW S1 is the amount of scouring and silting of the main channel, DW S2 is the amount of scouring and silting of the floodplain, DW S3 is the amount of scouring and silting of the full channel, the negative value of DW S1 , DW S2 , and DW S3 shows the amount of scouring, and K ¼ 100 Â DW S3 = P DW S3 . Jiahetan, Gaocun, Aishan, and Lijin sections, the four reaches were mostly scoured, except for the reach from Aishan to Lijin, where there was little silting. When the sediment concentration at the five sections was between 20 and 30 kg/m 3 , the four reaches were mostly scoured, under the condition that the discharge of each section was more than 2 000 m 3 /s. When the sediment concentration at the five sections was between 30 and 40 kg/m 3 , the four reaches were mostly scoured, under the condition that the discharge of each section was more than 2 500 m 3 /s. When the sediment concentration at the five sections was between 40 and 60 kg/m 3 , the four reaches were mostly scoured, under the condition that the discharge of each section was more than 2 800 m 3 /s. When the sediment concentration at the five sections was between 60 and 80 kg/m 3 , the four reaches were mostly silted. When the sediment concentration at the five sections was greater than 80 kg/m 3 , the four reaches were silted.
3.3. Analysis of flow with different discharges 3.3.1. Discharge between 1 000 and 2 000 m 3 /s In order to analyze the scouring-silting law in the channel with different discharges, the scouring-silting rate of each reach, which is the ratio of the scouring-silting amount to the incoming sediment amount, was calculated. Fig. 3 shows the relationship between the scouring-silting rate and sediment concentration (S ) when the discharge (Q) was between 1 000 and 2 000 m 3 /s in the years from 1960 to 2012.
As shown in Fig. 3 , the scouring-silting rate of the four reaches increased with the sediment concentration when the discharge was between 1 000 and 2 000 m 3 /s. The scouringsilting rate of the reach from the Huayuankou to Gaocun sections was close to 0 when the sediment concentration at the Huayuankou and Jiahetan sections was about 22 kg/m 3 . The scouring-silting rate of the reach from the Gaocun to Lijin sections was close to 0 when the sediment concentration at the Gaocun and Aishan sections was about 18 kg/m 3 .
3.3.2. Discharge between 2 000 and 3 000 m 3 /s Fig. 4 shows the relationship between the scouring-silting rate and sediment concentration when the discharge was between 2 000 and 3 000 m 3 /s in the years from 1960 to 2012. As shown in Fig. 4 , the scouring-silting rate of the four reaches increased with the sediment concentration when the discharge was between 2 000 and 3 000 m 3 /s. The scouringsilting rate of the reach from the Huayuankou to Jiahetan sections was close to 0 when the sediment concentration at the Huayuankou section was about 33 kg/m 3 . The scouring-silting rate of the reach from the Jiahetan to Gaocun sections was close to 0 when the sediment concentration at the Jiahetan section was about 35 kg/m 3 . The scouring-silting rate of the reach from the Gaocun to Aishan sections was close to 0 when the sediment concentration at the Gaocun Fig. 3 . Relationship between scouring-silting rate and sediment concentration in lower Yellow River when discharge was between 1 000 and 2 000 m 3 /s. section was about 32 kg/m 3 . The scouring-silting rate of the reach from the Aishan to Lijin sections was close to 0 when the sediment concentration at the Aishan section was about 30 kg/m 3 .
3.3.3. Discharge between 3 000 and 4 000 m 3 /s Fig. 5 shows the relationship between the scouring-silting rate and sediment concentration when the discharge was between 3 000 and 4 000 m 3 /s in the years from 1960 to 2012. As shown in Fig. 5 , the scouring-silting rate of the four reaches increased with the sediment concentration when the discharge was between 3 000 and 4 000 m 3 /s. All the reaches were being scoured when the sediment concentration was less than 45 kg/m 3 .
3.3.4. Discharge between 4 000 and 5 000 m 3 /s Fig. 6 shows the relationship between the scouring-silting rate and sediment concentration when the discharge was between 4 000 and 5 000 m 3 /s in the years from 1960 to 2012.
As can been seen in Fig. 6 , all the reaches were mostly scoured when the discharge was more than 4 000 m 3 /s. It can be seen in Figs. 3 through 6 that, when the discharge was low, the ratio of the number of floods that scour the channel to the total number of statistical floods was higher in the braided reach than that in the meandering reach. With increasing discharge, this ratio in the meandering reach increased gradually and finally exceeded that in the braided reach. This reflected the difference in sediment carrying capacity between the braided reach and the meandering reach. That is mainly due to differences in the channel pattern and gradient between the braided reach and meandering reach: the channel of the braided reach is wide and shallow, the channel of the meandering reach is narrow and deep, and the channel gradient of the braided reach is larger than that of the meandering reach. Thus, when the discharge was low, the sediment carrying capacity of the braided reach was higher than that of the meandering reach.
The principal problem in the lower Yellow River is low runoff, too much sediment, and an imbalance between the amounts of incoming water and sediment. It can be seen from the analysis that when the discharge and sediment concentration changed in the ranges of 2 000 m 3 /s < Q < 3 000 m 3 /s and 20 kg/m 3 < S < 60 kg/m 3 , respectively, all the reaches showed little scouring or silting. Thus, the combination of 2 000 m 3 /s < Q < 3 000 m 3 /s and 20 kg/m 3 < S < 60 kg/m 3 was considered an optimal combination for equilibrium sediment transport in the lower Yellow River over a long period of time. The variations of scouring and silting displayed a riverbed adjustment process when the sediment-laden current flowed from Huayuankou to Lijin. If there was silting upstream, the current that flowed downstream had a low sediment concentration, and less silting and even scouring would occur downstream. The converse was also true. 
